We have measured resonant third-order optical nonlinearities of organic nanoparticles. Five kinds of near-infrared dyes, silicon 2,3-naphthalocyanine bis(trihexysiloxide) (dye 1), methylsilicon (IV) phthalocyanine chloride (dye 2), 2,3-naphthalocyanine (dye 3), 2,4-di-3-guaiazulenyl-1,3-dihydroxycyclobutendiyliumdihydroxide, bis(inner salt) (dye 4), and 1,3-bis-[(3,3-dimethylindolin-2-ylidene)-methyl] croconium (dye 5) were used to prepare organic nanoparticles. The values of the electronic component of the molecular hyperpolarizability, γ e , were determined to be ca. 1.9 × 10 -29 esu, ca. 1.9 × 10 -30 esu, ca. 3.4 × 10 -31 esu, ca. 2.1 × 10 -30 esu, and ca. 3.0 × 10 -30 esu, for dyes 1, 2, 3, 4, and 5, respectively.
We have measured resonant third-order optical nonlinearities of organic nanoparticles. Five kinds of near-infrared dyes, silicon 2,3-naphthalocyanine bis(trihexysiloxide) (dye 1), methylsilicon (IV) phthalocyanine chloride (dye 2), 2,3-naphthalocyanine (dye 3), 2,4-di-3-guaiazulenyl-1,3-dihydroxycyclobutendiyliumdihydroxide, bis(inner salt) (dye 4), and 1,3-bis-[(3,3-dimethylindolin-2-ylidene)-methyl] croconium (dye 5) were used to prepare organic nanoparticles. The values of the electronic component of the molecular hyperpolarizability, γ e , were determined to be ca. 1. INTRODUCTION Third-order nonlinear optical (NLO) processes have recently attracted considerable interest because of their potential application in all optical devices which work faster than 1 THz. Organic materials are attractive due to their large optical nonlinearity and fast switching rate. However, the third-order optical nonlinearity of organic materials reported so far has been several orders of magnitude smaller than the criterion for practical use.
One possible solution to obtain large optical nonlinearities is to use nonlinear optical materials under resonant conditions. However, while large optical nonlinearities could be obtained, their response could be very slow. Since the response due to thermal effects is usually in the millisecond time region and that due to excited state formation is usually in the nanosecond time region, optical switching at THz cannot be realized under such conditions. Furthermore, optical materials could be very easily damaged due to the absorption of laser light. Therefore, third-order optical nonlinearity under resonant conditions has not been paid much attention for a long time [1] [2] [3] [4] [5] [6] [7] [8] . However, the use of picosecond and femtosecond lasers made it possible to time-resolve the electronic nonlinear optical response from other slow responses such as thermal gratings, population gratings, and molecular reorientation gratings [4] . While the very high peak power of the femtosecond laser pulse easily causes nonlinear optical phenomena, a very low pulse energy reduces damage to the samples. We reported large third-order optical nonlinearities and very fast response of several near-infrared dyes measured by the femtosecond degenerate four-wave mixing (DFWM) technique under resonant conditions [9] [10] [11] [12] [13] .
Nanoparticles of organic compounds are expected to be durable against strong laser light because of their short lifetimes of excited states. In these twenty years, optical properties of nanoparticles of organic compounds have been studied [14] [15] [16] [17] . Recently, a new method to produce nanoparticles utilizing the laser ablation has been developed [18] [19] [20] [21] [22] [23] [24] [25] [26] . This method has many advantages compared with other methods. For instance, it can be applied to materials insoluble to solvents. We reported two-photon cross sections of nanoparticles of naphthalocyanine derivatives [27] .
In the present study we measured resonant third-order optical nonlinearities of organic nanoparticles using the femtosecond degenerate four-wave mixing (DFWM) technique. This paper will be the first report of The third-order hyperpolarizability of organic nanoparticles.
EXPERIMENTAL
Five near-infrared dyes, silicon 2,3-naphthalocyanine bis(trihexysiloxide) (dye 1), methylsilicon(IV) phthalocyanine chloride (dye 2), 2,3-naphthalocyanine (dye 3), 2,4-di-3-guaiazulenyl-1,3-dihydroxycyclobutendiyliumdihydroxide, bis-(inner salt) (dye 4), and 1,3-bis[(3,3-dimethylindolin-2-ylidene)methyl] croconium (dye 5) were used to prepare the organic nanoparticles. These dyes were purchased from Aldrich Chemical Co., and used without further purification. Figure 1 shows the structural formulas of these dyes.
Transparent organic nanoparticles dispersed in water were prepared by a combination of methods of reprecipitation and laser ablation in water. A surfactant, sodium dodecyl sulfate, was added to stabilize the colloidal solutions. The final concentration of sodium dodecyl sulfate was about 3 mM for dye 1, and those for dyes 2-5 were 10 -30 mM. Solutions were filtered using membrane filers (pore size 800 nm was used for DFWM measurements).
UV-visible absorption spectra of the colloidal solutions of dyes were measured using a JASCO spectrophotometer V-550 with a 1-mm quartz cuvette.
The system used for DFWM measurements is same as that described in previous publications [9] [10] [11] [12] [13] . The folded box-CARS type geometry with the three linearly polarized beams of fundamental output of a Ti: sapphire regenerative amplifier laser (Spectra-Physics, Spitfire, 130 fs, 1 kHz, 1 W) was used for the DFWM experiment. The wavelength of the laser was adjusted to the absorption maximum of samples. The laser beam was largely attenuated by ND filters in order to avoid saturation. The energies of beam 1 and beam 2 were less than 100 nJ / pulse, and that of beam 3 was less than 10 nJ / pulse. The sample was simultaneously irradiated with beams 1 and 2, and then was irradiated with beam 3 after a suitable delay time. Beam 4, the produced DFWM signal, was detected by a CCD after passing through a monochromator. The output of the CCD was acquired by a personal computer. The time resolution of the system was ca. 0.3 ps (FWHM). DFWM signal was measured at 780 nm, which is close to the wavelength of absorption maxima or one of the absorption peaks of nanoparticles of these dyes (see Figs 2 and 4) . The intensity of the DFWM signal due to the solvent and quartz cuvette was completely negligible.
3. RESULTS AND DISCUSSION 3.1 One-photon UV/Vis absorption spectra The UV/Vis absorption spectra of colloidal solutions of dye 1 are shown in Fig. 2 . Different preparation method gave significantly different absorption spectra. Method of laser ablation in water gave very broad spectra, while reprecipitation method gave sharp but weak spectra, and the diameter of particles were as large as almost 1 µm. We condensed fine particle solutions made by reprecipitation method using an evaporator and then irradiated second harmonic output of a YAG laser (532 nm) to the solutions. Absorption spectra were slightly broader than those obtained by reprecipitation method. We used these nanoparticles for DFWM measurements. Figure 3 shows UV/Vis absorption spectra of tetrahydrofuran (THF) solution and nanoparticles of dye 1. Absorption bands of nanoparticles are broader than those of THF solution. Molar extinction coefficient of THF solution is about nine times greater than that of nanoparticles for dye 1. Figure 4 shows UV/Vis absorption spectra of nanoparticles of dyes 2-5. Filtration with filters of 450 nm pore size reduced absorbance of nanoparticles of all five dyes by about 10%, which means that most of the nanoparticles have diameters less than 450 nm. Figure 5 shows DFWM response and its simulation for dye 1. The temporal profile of DFWM signal consists of at least two components with different time responses (fast and slow components). The fast component is primarily determined by the laser pulse, 
Temporal profiles of DFWM signals

Simulation of temporal profiles of DFWM signals
In order to analyze the temporal profiles of the DFWM signal of the organic nanoparticles, they were simulated. The observed DFWM temporal profile, I(t), is assumed to be expressed by the following convolution integral
where L(t) is the temporal profile of the laser, and R(t) is the third-order nonlinear optical response of samples irradiated by a laser with an ideal delta function shape pulse. R(t) is assumed to be a triple exponential function
We employed triple exponential functions as R(t) because double exponential functions did not well reproduce the experimental temporal profiles. All the parameters in Eq. (2) and the time difference between the experimental and simulated DFWM temporal profiles, ∆t, were determined using a nonlinear, least-squares iterative convolution method based on the Marquardt algorithm [28, 29] . The DFWM temporal profile of a glass plate is used as L(t).
Figures 5 shows a typical simulated temporal profile for the DFWM signal of nanoparitcles of dye 1. As seen in Fig. 5 , the simulated DFWM temporal profiles reproduce the experimental ones very well. For nanoparticles of dye 1, the fast response has a decay time constant shorter than 0.01 ps, and it can be attributed to the contribution from the electronic response. The middle component and slow component have decay time constants ca. 1.3 ps and ca. 12 ps which may be attributed to the population grating of the excited state.
Third-order nonlinear susceptibilities
The values of the effective third-order nonlinear susceptibility, χ (3) , were obtained from the DFWM signal intensity by comparison with that of a reference sample CCl 4 (χ (3) ＝4.01 × 10 -14 esu) [30] measured under the same conditions. The effective third-order susceptibilities for the samples are calculated using the following equation (3) where I is the DFWM signal intensity; α is the linear absorption coefficient, n is the linear refractive index, and L is the thickness of the sample.
The third-order hyperpolarizability, γ, is related to
where N 0 is the number density of the dye molecules, and T is the local field factor. For the calculation, the formula for the spherical molecules, T ＝ (n 2 sam + 2) /3, was used. It was assumed that the linear refractive index of the sample, n sam , is the same as that of benzene (n = 1.50).
The values of electronic component of the molecular hyperpolarizability, γ e , were determined to be ca. 2.5 × 10 -29 esu for nanopariticles of dye 1. This value is smaller than that inTHF solution of dye 1. Reason of this difference can be attributed H-aggregate-like character of nanoparticles of dye 1 rather than J-aggregate-like character. Table I summarized the results of all dyes. 
